Introduction
Continental and oceanic flood volcanism formed the largest volcanic provinces on Earth (e.g., Coffin and Eldholm 1994) that contain the world's largest and longest recognized lava flows (e.g., Self et al. 2008; Bondre et al. 2004) . Recently, Sager et al. (2013) claimed that the Shatsky Rise oceanic plateau also hosts Earth's largest single volcano: Tamu Massif. Here, we present the first radiometric age data from the main edifice of Tamu Massif obtained from volcanic rock samples drilled during Integrated Ocean Drilling Program (IODP) Expedition 324. These ages allow for calculation of eruption rates at the Tamu Massif, with implications for the eruption style and formation mechanism of Shatsky Rise. We also investigate temporal links between Shatsky Rise formation and global extinction events.
Geological background and Exp. 324 drilling results
The submarine Shatsky Rise oceanic plateau, located in the northwest Pacific Ocean (Fig. 1) , is the third largest oceanic plateau on Earth covering an area of 4.8 × 10 5 km 2 ). Shatsky Rise is composed of three large volcanic edifices, of which the largest is Tamu Massif (2.5 × 10 6 km 3 ) at the southern end of the plateau. The smaller Ori (0.7 × 10 6 km 3 ) and Shirshov massifs (0.6 × 10 6 km 3 ) are located near the center and at the northern part of the plateau, respectively. Based on magnetic seafloor lineations and bathymetry, the Shatsky Rise is proposed to have formed near a triple junction during the Late Jurassic to Early Cretaceous (e.g., Nakanishi et al. 1999; Sager et al. 1999) . Accordingly, volcanism began at Tamu Massif, which covers magnetic anomalies M21-M19 (~148-145 Ma, using the timescale of Gradstein et al. 2005) , whereas Ori and Shirshov reside on slightly younger lithosphere of M16 (~141-142 Ma) and M14 (~139-140 Ma) ). The unusual crustal thickness of the plateau (~30 km, Korenaga and Sager 2012) , decreasing volume of the magmatism with time , high degree of melting (Sano et al. 2012; Husen et al. 2013 ) and a geochemical composition of the lavas somewhat different from regular mid-ocean ridge basalt (Sano et al. 2012; Heydolph et al. 2014; Hanyu et al. in press) have been used as evidence indicating involvement of a mantle plume (interacting with a triple junction) during the formation of Shatsky Rise.
During Ocean Drilling Program (ODP) Leg 198, three basaltic layers were encountered within sediments drilled on the lower southwestern flank of Tamu Massif (Site 1213, Fig. 1 ) (Shipboard Scientific Party 2002) . These bodies, initially assumed to represent sills, were later re-described as late-stage lava flows (Koppers et al. 2010 ) and yield 40 Ar/ 39 Ar plateau ages of 144.8 ± 1.2 Ma (whole-rock sample) and 143.7 ± 3.0 Ma (plagioclase sample from different flow) with a weighted mean of 144.6 ± 0.8 Ma (Mahoney et al. 2005 ) consistent with the location of this site between magnetic reversals M20 and M17 (~147-143 Ma). Since these flows are underlain by sediments, no ages for the igneous basement of Tamu Massif have been published Sager et al. (2010) . Seafloor magnetic lineations based on Nakanishi et al. (1999) prior to this study. During IODP Exp. 324, Hole U1347 (32°30.475′N, 159°14.078′E, Fig. 1 ) was drilled through 158 m of sediment and 160 m into the igneous basement on the upper eastern flank of Tamu Massif . The penetrated igneous basement can be divided into three major groups (Fig. 2) , which, from top to bottom, are as follows: Group 1, an upper series of massive (>2 m thick) lava flows interrupted by two ~5-m-thick sediment intervals; Group 2, a sequence consisting mainly of pillow basalts, with a few massive flows and rare, relatively thin sedimentary intercalations; and Group 3, consisting of two particularly massive lava flows (up to >23 m thick) (Expedition 324 Scientists 2010). These groups can be further subdivided into "stratigraphic units" (indicated by Roman numbers in Fig. 2 ), defined as successions of similar volcanic facies (such as pillow lava stacks or packages of sheet flows). Unfortunately, the intercalated sediments within the lava pile (stratigraphic units VI, VIII, XI, XIII) are barren of stratigraphically significant microfossils. However, calcareous nannofossils recovered from the sediment directly overlying the igneous basement (base of sedimentary Unit III) were assigned to be of Valanginian to Berriasian age and therefore provide a minimum age of ~133 Ma (Expedition 324 Scientists 2010). Multi-channel seismic reflection profiles reveal that the Tamu Massif is composed of stacked intra-basement reflectors, interpreted as surfaces of lava flow units that emanate at the center and extend downhill from the summit. This structure leads to the interpretation that Tamu Massif is a single, enormous shield volcano, and probably the largest one on Earth (Sager et al. 2013) .
Sample material and analytical methods
Suitable lava flows from each of the three major groups were sampled for dating and complete IODP sample name (including sampled interval), and associated stratigraphic and lithological units are given in Table 1 . The Group 1 sample from Core 13R-4 was taken from an aphyric massive basalt flow with microphenocrysts of plagioclase, the Group 2 sample 20R-1 belongs to a small, plagioclasephyric pillow basalt inflation interval, and the four Group 3 samples 26R-2, 27R-3, 28R-4 and 28R-8 were all taken from the >23-m-thick massive basaltic, plagioclase-phyric inflation unit. Further petrographic and volcanologic details on these samples (including thin section descriptions) can be found in Sager et al. (2010) . Analyses were undertaken on plagioclase separates, with the exception of sample 28R-4, from which the mafic groundmass was analyzed.
Clear, transparent feldspar crystals and fine-grained matrix particles were hand-picked from crushed and sieved splits (250-500 µm), washed and cleaned using an ultrasonic disintegrator. Plagioclase phenocrysts were additionally leached for up to 12 min (depending on size fraction) in 5 % hydrofluoric acid and subsequently rinsed six times with deionized water and cleaned in an ultrasonic disintegrator again. Separates were irradiated in aluminum trays and capsules in the cadmium shielded RODEO tube of the HFR facilities (NRG, Petten, the Netherlands). The neutron flux was monitored using Taylor Creek Rhyolite Sanidine (TCR-2 27.87 ± 0.04 Ma; Lanphere and Dalrymple 2000) . 40 Ar/ 39 Ar laser step-heating analyses were carried out at the GEOMAR Geochronology Lab using a Ar data were plotted on incremental heating diagrams (apparent age and error vs. cumulative 39 Ar; Fig. 3 ). Plateaus were defined as cases where more than three consecutive steps comprising >50 of the 39 Ar released have ages overlapping within 2Sigma errors. Plateau ages were calculated as the inverse-variance-weighted mean of the individual step ages and errors. The parameters mean-square-weighted deviates (MSWD) and probability of fit (POF) were calculated to evaluate the statistical robustness of the plateau ages. For an acceptable age, MSWD should be ≪3 (ideally <2) and POF >0.05 at 2Sigma/95 % confidence levels. Alteration indices (A.I.) (Baksi 2007a ) are monitored. Results are summarized in Table 1 and age spectra shown in Fig. 3 . Analytical data are given as supplementary material (Online Resource 1). All errors are reported as 2Sigma (excluding decay constants errors).
Results and discussion
The resulting ages of the 40 Ar/ 39 Ar laser step-heating analyses are shown within their stratigraphic context in Fig. 2 . The stratigraphically uppermost analyzed sample from core 13R-4 yields the youngest plateau age of 133.9 ± 2.3 Ma. Sample 20R-1 from the underlying Group 2 generated an age of 143.1 ± 3.3 Ma. As all four samples from Group 3 have ages overlapping within analytical error and belong to the same ~23 thick inflation unit (XV) interpreted as single massive lava flow (Expedition 324 Scientists 2010), we have calculated a weighted mean value of 144.4 ± 1.0 Ma for this group. Whereas the uppermost sample of this unit from Core 26R-2 produced an age of 144.3 ± 4.0, the sample from Core 27R-3 Ma yields a relatively young age of 140.5 ± 3.8 Ma. These two samples from the upper part of this inflation unit, however, show the greatest analytical uncertainty. The samples from the lower part of this unit, 28R-4 and 28R-8, yield ages of 144.9 ± 1.1 and 143.4 ± 3.0 Ma, respectively. The analyzed matrix chips of 28R-4 yield the oldest age, but the lowest analytical uncertainty in comparison with all other analyzed plagioclase separate samples in this study. The weighted mean age of 144.4 ± 1 Ma for this unit is identical (within error) with the weighted mean age of 144.6 ± 0.8 reported for the lava flows/sills recovered at the lower flank of Tamu at ODP Site 1213 (Mahoney et al. 2005) , indicating that the two sequences separated by ~200 km formed at the same time. Using the alteration index (A.I.) of Baksi (2007a) , average values for the heating steps used for the plateau determination indicate no alteration (A.I. plg = <0.00006) or no significant alteration (A.I. plg = <0.001), plateau range averages yielding: 0.00011 (13R-4) ; 0.00005 (20R-1); 0.00013 (26R-2); 0.00021 (27R-3); 0.00005 (28R-4); and 0.00013(28R-8). According to the criteria setup by Baksi (2007b) , these values indicate that the plateau ages reflect or are close to the crystallization ages.
Considering the weighted mean age for the inflation unit of Group 3, the ages systematically increase going down the hole, as expected. Whereas all lavas from Group 3 and Ar ages from Tamu analyzed by Heaton and Koppers (2014) ), the analyzed lava from uppermost Group 1 Core 13R-4 yields an ~10 million year younger age of ~134 Ma. If this age gap is confirmed by further studies on Tamu Massif samples, a rejuvenated (second) stage of volcanism has to be assumed for Shatsky Rise. This suggestion is supported by the two unusually thick sedimentary intervals intercalated with the Group 1 lavas and located beneath the dated lava flow of Unit IV, which would be consistent with a considerable hiatus in volcanic activity (Fig. 2) . Downhole logging data suggest that the upper sedimentary interval of Unit VI (from which only 50 cm was recovered during drilling) is actually ~4.5 m thick and that the lower sedimentary interval of Unit VIII is ~5 m thick (Expedition 324 Scientists 2010). These sediments are composed of radiolarian-bearing (but not datable) sandy siltstones and silty claystones. Unit VIII includes an undisturbed fine-laminated sequence (from which 1 m was recovered) indicating in situ deposition of sediments and (e.g., McDougall and Schmincke 1976) and from other large igneous provinces ranging from a few million years (Iceland, O'Connor et al. 2000; Kitagawa et al. 2008 ) to ten million years (Sibirian Traps, Ivanov et al. 2013; KerguelenBrocken Ridge, Coffin et al. 2002) or several tens of million years (Ontong Java-Manihiki-Hikurangi, e.g., Hoernle et al. 2010; Caribbean, Hoernle et al. 2004) . There is, however, no geochemical difference detectable between the younger stratigraphic Unit IV (with Core 13R-4) and the subjacent stratigraphic units in the middle and lower part of the hole based on major and trace element composition (Sano et al. 2012) or Nd, Pb, Hf isotope ratios (Heydolph et al. 2014 ).
In addition, no signs of magnetic polarity reversals were found in the cores at Site U1347 (Sager et al. in press) . On the other hand, the nannofossil minimum age of ~133 Ma derived from sediments directly overlying the igneous Unit IV (Expedition 324 Scientists 2010) does not exclude its young (~134 Ma) age.
The new age data confirm the assumption, so far solely based on interpretation of magnetic lineations, that Tamu Massif formed more or less contemporaneously with the oceanic crust on which the edifice resides. Although it is difficult to trace the surrounding seafloor lineations through Tamu Massif (see Fig. 1 ), it is suggested that the formation of the bulk of the massif was mostly finished by chron M18 at ~144 Ma (timescale of Gradstein et al. 2005 ) and the bulk of the massif probably formed before M19 (~145 Ma) Tominaga et al. 2012) , which is consistent with our 40 Ar/ 39 Ar data from the U1347 drill cores. Therefore, the bulk of Tamu Massif must have formed within 3-4 million years (between M21 and M19). Since the dated lavas from Sites 1213 and U1347 belong to the uppermost part of the igneous succession at the respective sites (neglecting the volumetrically insignificant (<60 m) younger (rejuvenated?) Group 1 lavas at Site U1347), an approximate eruption rate for Tamu Massif can be estimated. Correcting for sediment cover, assuming 100 % Airy isostatic compensation, and excluding 7 km of oceanic crust, Sager et al. (1999) calculated a volume of 2.53 × 10 6 km 3 for Tamu Massif. This would correspond to a minimum (average) melt production rate of 0.6-0.8 or 1.2-1.5 km 3 /a if the (contemporaneously?) created oceanic crust at this site is added (assuming a 7-km-thick disk with a diameter of 3.1 × 10 5 km 2 (covered by Tamu Massif, Sager et al. 2013) ). For comparison, the currently most active intraplate hotspot at Hawaii reaches 0.18 km 3 /a (extrusive plus intrusive) and only a slightly higher value of 0.24 km 3 /a is calculated for the whole Cenozoic activity of the Iceland plume (White 1993 ), a hotspot located on a spreading center in a similar setting as proposed for Shatsky Rise. The high (minimum) melt production rate inferred for Tamu Massif is therefore consistent with the melting of hot or particularly fertile mantle material and thus with the presence of a mantle plume during the initial formation of Shatsky Rise. We note, however, that the actual eruption rate for Tamu Massif could be significantly higher (e.g., if rapid emplacement within a single magnetic polarity interval is assumed, Sager 2005), but the shallow basement penetration at Site U1347 does not allow the rates to be constraint further.
Interestingly, the age of ~144 Ma for the formation of the bulk of Tamu Massif coincides with a global mass extinction of 13.1 % of all genera (Bambach 2006) Ar data presented in this study allow Shatsky Rise to be included in examinations of correlations between the age of exceptional volcanic activity and regional or global extinction events as conducted by White and Saunders (2005) .
